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(57) Abstract: 

Organic light emitting devices are described wherein the emissive layer comprises a 
host material containing a fluorescent or phosphorescent emissive molecule, which 
molecule is adapted to luminesce when a voltage is applied across the 
heterostructure, wherein an intersystem crossing molecule of optical absorption 
spectrum matched to the emission spectrum of the emissive molecule enhances 
emission ef f iciency . 

L* invention concerne des dispositifs luminescents organiques dans lesquels la 
couche Slissive comprend un matH iau h£?e contenant une molBlule Missive 
fluorescente ou phosphorescente, molSule con^-le pour Slettre des rayons luroineux 
lorsqu'une tension est appliquS dans I ' hH Bostructure, une molSiule de croisement 
intersystSe dont le spectre d'absorption optique correspond au spectre d'Sission 
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INTERSYSTEM CROSSING AOENTS FOR EFF3CIENT UTILIZATION OF 
EXCITONS IN ORGANIC UCHT EMITTING DEVICES 



I. FIF.r.ll<l>' INVENTION 

The present invention is directed to organic light emitting devices {OLEDs) 
comprised of emissive layers thai cojlUin an organic compound functioning as an 
eminer and a separate iniersystem crossing ( k 'ISC w ) cniity which operates 10 enhance 
ihr efficiency of the emission. 

IT. BACKGROUND OF THE INVENTION 

fl. A. CJcncral Background 

Organic li^ht cmining devices {OLEDs) arc comprised of several organic 
layers in which one of the layers is comprised of an organic material that can be made 
to electro luminesce by applying a voJt&ge across the device, CAV. Tang c( a!.. Appl. 
Phys. Lcn. ] 98?. 51.913. Certain OLEDs have been shown 10 have sufficient 
hrifcdiuiess. rajjge of color and oncraiing lifetimes for use as a practical alternative 
lechnnlogy to LCD-based full color flat-panel displays <S.R. Forrest. P.E. Burrows 
arid M.E. Thompson. Loser Focus World. Feb. 1995). Since many of the thin organic 
films used in such devices arc transparent in the visible sprctral region, they ajlow for 
the realization of a completely new type of display pixel in which red (R). green (G). 
and blue (&) emitting OLEDs are placed in a vertically stacked geometry to provide a 
simple fabrication process, a small R-G-B pixel size, and a large fill factor. 
International Patent Application No. PCT/US95/J 5790. 

A transparent OL£D fTOLED). which represents a significant step toward 
realizing high resolution, independently addressable slacked R-G-D pixels, was 
reported in lniemalioual Patent Application No, PCT/US97/926SI in which the 
TOLED had greater than 71% transparency when turned off and emitted light from 
both lop and bottom device surfaces with high efficiency (approaching 1% quantum 
efficiency) when the device was turned on. The TOLED used transparent indium tin 
oxide <lTO) as the hoic-injecting electrode and a Mg-Ag-ITO electrode layer for 



47-3 



WO0i,'0S230 



l'CT/US0Dfl9738 



electron-injection. A dcvkc was disclosed in which the ITO side of the Mg-Ag-ITO 
layer was used as a botc-injcctin£ contact for a second. different eolnr-emming QLHD 
smcksd on top of the TOLED. Each layer in the siacied OLED (SOLED) was 
independently addressable and emitted its own characteristic color. This colored 
emission could be trausmincd through the adjacently stacked, transparent, 
independently addressable, organic layer or layers, ihr transparent contacts and the 
jglass substrate, thus allowing the device to emit any color thai could be produced by 
varying ihe relative owmut of the red and clue to! or- em initl^ layers. 

PCT/US°5/15790 application disclosed an integrated SOLED for which boih 
intensity and color could be independently varied and controlled >*5th external power 
supplies in a color tunable display device. The PCT/US 95: application, thus. 

i)lusua:es a principle for achieving integrated, full color pixels tlvat provide high 
image resolwion. which is made possible by the compact pixel size. Furthermore, 
relatively low cosl fabrication techniques, as compared with prior art methods, may he 
uua2cd for making such devices. 

ll.B. Background of emission 
H.B.I . Basics 

H.B.I -a. Singlet and Triplel Excitoris 

Because light is generated in organic materials from the decay of molecular 
excited suites Or excitons, understanding their properties and inieractions is crucial to 
the design of efficient light emitting devices currently of significant interest due io 
their potential uses in displays, losers, and other illumination applications. For 
example, if the sy mmeiry of an exciton is different from that of the ground state, then 
the radiative relaxation of the exciton is disallowed and luminescence will be slow 
and inefficient. Because die ground slate is usually ami-symmetric under exchange uf 
spins of electrons comprising the excitun. the decay of a symmetric exeiion breaks 
symmetry. Such excitons are known as triplets, ihc term reflecting the degeneracy of 
the state. For every three triplet excitons that are funned by electrical excitation in an 
OLED. only one symmetric state (or singlet) exciton is created. (M.A. Baido. D. F. 
O'Brien. M.K. Thompson and S. R. Forrest, Very high-efticiency green organic tight- 
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emitting devices based on electrophospburescence. Applied Flrysics Letters. 1999. 75. 
4-6.) Luminescence from a sytnmeiry-disallowcd process is known as 
phosphorescence. Characteristically, phosphor esceiure may pcraUt for up to several 
seconds after excitation due to tlie low probability of ihc transition. In contrast, 
fluorescertire originates in the rapid decay of a sin&lct excilon. Since this process 
occurs between slates ofliicc symmetry, it may br very efficient- 
Many organic materials exhibit fluorescence from singlet cxehons. However, 
only □ very few have been identified which fine also capable of efficient room 
temperature phosphorescence from triplets. Thus, in most fluorescent dyes, the 
energy contained in the triplet .states is wasted- However, if the triplet excited state is 
perturbed, for example, through Spin-orbit coupling (typically introduced by the 
presence of a heavy metal atom), then efficient phosphorcsence is more likely. In this 
case, the triplet excitan assumes sorns singlet character and i: has a higher probability 
of radiative decay to the uround state. Indeed, phosphorescent dyes with these 
properties have demonstrated high efficiency clcctiolumincsccnce. 

Only a few organic mcterials have been identified which show cedent room 
temperature phosphorescence from triplets. In contrast, many fluorescent dyes are 
known (C-H. Chen. J. Shi. and CAV. Tan^. ''Recent developments in molecular 
organic electroluminescent Materials." Macromolecular Symposia. 1997. 125, 1-48; 
U. Drackmann, I^mbdachrume Laser Dyes ( Lambda Physik. Crottingen. 199?) and 
fluorescent efficiencies in solution approaching ]00% arvr. not uncornmnn. (C.H. 
Chen. 1997. op. cu.) Fluorescence is also not affected by triplet-triplet uimihilation. 
which degrades phosphorescent emission at high excitation densities. (M. A. Baldo, el 
al.. "High efficiency phosphoicscem emission from ore aj lie electroluminescent 
devices.*' Nature, 1 W8 : 195, 15M 54: M. A. Baldo, KL K. Thompson, and S.R. 
Forrest, "An analytic model of trip let -triplet annihilation in electrophosphoresccnt 
devices/* 1999). Consequently, fluorescent ma;crials 3TC suited to many 
electroluminescent applications, particularly passive matrix displays. 
I LB. I .b. Overview of invention relative to basics 

This invention pertains to the use uf inters} stern crossing agents to enhance 
emission efficiency in organic light emitting devices. An intersystem crossing agent. 

3 
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or molecule. t& one which can undergo intersystem crossing, ^-ruch involves the 
translej of population between states of different spin multiplicity. Lists of known 
intcrsystern crossing agents, or molecules, ore given in A. GiiberL and J. Ba££ on - 
Essentials of Molecular Photochemistry. BtackwcJis Scientific, 1991. 

In one embodiment of the present invention, wc focus on a way to use an 
intersystern crossing agent in increase efficiency in □ system with a fluorescent 
cminer. Therein, we describe a, technique whereby triplets formed in the host 
material arc not wasied. but instead are transferred 10 the sin eld excited state of a 
fluorescent dye. In this way, aJJ excited suits ore employed and the overall efficiency 
of fluorescence increased hy a fac(or of four. In this embodiment, the ISC agent traps 
the cnen*y of excituns and trajisfets Ihe energy to the fluorescent ccr.tttcT by a Forstcr 
energy transfer. The energy transfer process desired is: 

5 D*^'A— '0+*A* (Eq. 1) 

Here, D and A represent a donor molecule and a faiojescent acceptor, respectively. 
The superscripts 3 and 1 denote the triplet and singlet slates, respective 1y. and the 
asterisk indicates the excited state 

In a second embodiment of the present invention, w forus on a wuy to use an 
intcrsystern crossing agent to increase efficiency in a system with a phosphorescent 
emitter. Therein, wc describe a technique whereby the ISC auem is responsible for 
converting all of the excitons from a bust material irao their triplet s:aics and then 
wansfcrriny. that excited state to the phosphorescent cmitier. This wiv.tld include Ihe 
cose wherein the ISC agent only traps singlet excitons on the host and host triplet 
excitons arc transferred directly to the phosphorescent emitter (ralhei than going 
through the ISC agent.) 

In this second embodiment wherein phosphorescent efficiency is enhanced, a 
phosphorescent emitter is combined with an intersysicm crossing agrnt such that the 
following can occur: 

4 
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'D* - 'X — 'D + % X* 

J X* + l A ! X + 5 A" 
: A* -» >A + hv 

wherein D represents the donor (host). X represents the inicrsysicm crossing, agent, 
and A represents the acceptor (emissive moJccuic). Supcrscrini 1 denntes singlet spin 
multiplicity; superscript 3 denote* triplet spin multiplicity and the asterisk denotes an 
excited state. 

In a third embodiment of the present invention, we focus nn u way ;o use an 
intcrsysiem crossing a$cnt to increase efficiency by acting, as a filter and a converter. 
In one aspect of the ftttcrfconvener embodiment, the mtcrsystcm crossing agent acts 
to convert singlet excitons tn triplet exchons. thcrchy keeping singlets from reaching 
the emissive region and thus ettbajieirtg optical jwritv (the '•fi^^e:" , aspect, singlets arc 
removed and thus no singlets emit) and increasing efiiciency (the "conversion" 
aspect: sinf Ids are converting to triplets, which do emit). 

These embodiment.*; arc discussed m more dctayl in the examples he low. 
However the embodiments may operate by different mechanisms. Without limning 
the scope of the invention, we discuss the different mechanisms. 

1I.B .I.e. Dexter and Funster mechanisms 

To understand the different embodiments of this invention it is useful to 
discuss the underlying mechanistic theory of enerey transfer. "Piers aic two 
mechanisms commonly discussed for the transfer of energy to an acceptor muletuJe. 
In ;he first mechanism uf Dexter transport (DX. Dexter. **A theory of sensitized 
luminescence in solids," J. Chcm. Phys.. 3953, 2"\ , 836-XSO), the excitnn may hop 
directly from one molecule to the next. This is a short -native process dcpcndcnl on the 
overlap of molecular orbitals of neighboring molecules. It also preserves the 

5 
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symroc:ry of the dimor arc acceptor pai: (E- Wiener and E.W. tinnier, Ubcr die 
Struktur der zweiatornigcri Molckclspektren nacb der Quant crsmcchanik. Zcitschrift 
fur Physik, 1928. 5 1 . 859-886: M. Klessinger and J. Michl. Excited siates und 
phOKcbermsiTy of organic molecules (VCH Publishers. New- York, Thus, the 

cnrtiLv transfer of Eq. 0 > is not possible via Dexter mechanism, tn the second 
mechanism of Forsier transfer ( 7. FOrstcj. Zwischeturjoiekulare Ener^iewandcrujig. 
sod FiuorcsTrnz. Annalcn dcr Physik, 1948. 2. 55-75: T. Forstcr. riunrcszciw 
oigaiiiichcr Verbindugen (Vandcnhoct and Kuprccht, tiortmghcn, 1 95 1 ). the e»eijry 
irunsfer of Eq. (!) is possible. In FOrsrer transfer, similar to a transmitter and an 
antenna, dipoles on the donor and acceptor molecules couple and energy may he 
transferred. Di poles arc generated from allowed trertsilians in both dnnor and 
acceptor molecules. This typically restricts the Forstcr mechanism to transfers 
between single! statcs- 

Uovy«vt;r» in one embodiment of the present invention, wc consider the case 
where the transition on the donor ( ? D* — * *P) is allowed, i.e. the doiiw is a 
pbnsphDrescent mulecule. As discussed earlier, the probability of this transition is 
low because of symmetry difference* between the excited triplet and ^rnund state 
singlet. 

Nevertheless, as long as the phosphor can emit lip hi due to some perturbation 
of the state such as due to spin-orbit coupling inuoduced by a heavy metal atom, it 
may parti cipaic as the donor m Ftirslrr transfer. The efficiency of the process is 
dtiermintrd by the luminescent efficiency of the phosphor (F Wilkinson, in Advances 
in Fkmochernistry (wis- W.A. No\es. G. Hammond, and J.N. Pitts, pp. 241-268. John 
WiJey & Sons. Ne*- Y ork. 1 904), i.e. if a radiative transition is more probable than a 
non-radiaiive decay, then energy transfer will be cilicicm. Such iriplet-sinjzlel 
Uftnsfcrs were predicted by Former (T. Foreler/Transfer rnerhanisms of electronic 
excitation;' Discussions of Oie Faraday Society, J959. 27. 7-17) and confirmed by 
Ennolaevajid Svcshnikova (V.I.. Frmolaev ond R. B. Svcshnikova. ^Inductive- 
resonance transfer of energy from aromatic molecules in the triplet slate.'* Duklady 
Akartcmii Nauk SSSR, 19f>3, 140. 1295-1298). who delected the energy transfer using 
a ranue of phosphorescent doners and fluorescent acceptors in rigid media at 77K or 
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90K. Large transfer distances are observed; for c*arpplc, with iriphcnyUrrnine is the 
donor and chrysoidine as the acceptor, the interaction range is 52A. 

The lemaining condition Tor Ffcrstcr transfer is that the absorption spectrum 
should overlap the emission spectrum of the donor assuming the energy levels 
between the excited and ground s*alc molecular pair axe in resonance. In Example 1 
of this application, we use the °reen phosphor fac tris<2-phcnylpyTidjn=) iridium 
(lr<ppy)j ; M. A. Baldo, c( aU App). Phys. Lett.. 1999. 75. 4-6) and the red fluorescent 
dye p-mrLhyJ-6-(2-<2 t 3.6,7-lcrxahydro-] H4H-hrnzurij]quim>ruin-9-yJ> etheny]J-4H- 
pyran-ylidcnc] propanc-diniliile] ("DCM2"; C. W. Tang, S. A. VanSlykc. and C. H. 
Chen. "Electroluminescence of doped organic films." J. Appl- Phys., 19X9, 65 % 36JO- 
3616). PCM2 absorbs in the green, and. depending on the local polarization field (V, 
Bulovig, c( al.. ''Bright, saturated. rcd-tO-ycHow organic tight -emitting devices based 
on polarisation-induced spectral shifts." Chem. Phys. Lett.. 1998. 287,455*460). it 
emits al wavelcng-Jis between k=S70 n_n and A=650 mo- 
ll is possible to implement Forster energy transfer from a triplet stale by 
doping a fluorescent .cues* in:o a phosphorescent hos: inarei inJ. 1 Mfortunaiely. such 
sysicms are afircled by competitive energy transfer mechanisms that degrade the 
overall efficiency. In particular, the cjose proximity of the host artd guest increase the 
likelihood of Dexter transfer between the host to the guest triplets. Once ejecitons 
reach the gue$; triplet sietc. they are effectively lost since these fluorescent dyes 
typically cxhihii extremely inefficient phospnurescence. 

Anulbcr approach is to dope both the phosphorescent donor and thtf 
fluoresaen? acceptor into a host malrrbL The efcrrcy can then cascade from ihr host, 
throuuh the phosphor sensitizing molecule and into the fluorescent dye following the 
equations (collectively £q, 2); 

3 X* *( 'A-* 'X+ 'A* 
'A*-* 'A-hv (2a) 

7 
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j x*- ! a-» + 'a* 

'A-— 'A + hv (2b) 

wherein X represents the sensitizer molecule and hv is the photon energy. 

The multiple State energy transfer required in the phosphorescent-sensitized 
system is schematically described in Fig. K 1>cnict transfer* are indicated py dotted 
arrows, and FnrstcT transfers by solid arrows. Transfers resulting in a loss in 
efficiency aie marked with a cress. In addiiion to the energy transfer paths shown in 
the figure, direct electron-hole recombination is possible on the phosphorescent md 
fluorescent dopants as well QS The host. Triplet exciton formation niter charge 
reconltinaiion OJ) the fluorescent dye is another potential In.ss mechanism. 

To maximize the transfer of host triplets 10 fluoresccm dye singlets, it i* 
desirable to maximize Dexter transfer into the triplet state of the phosphor while also 
minimizing, transfer into the triplet state of the fluorescent dye. Since ihe Dexter 
mechanism transfers energy between neighboring molecules, reducing the 
concentration of the fluorescent dye decreases the pjobaHUiy of triplet-triplet transfer 
to the dye. On the other hand, lonp. ranjje Funster transfer 10 the singlet stale is 
unaffected. In contrast, transfer into the triplet stale of the phosphuj is necessary to 
harness host triplets, and may be improved by increasing the concentration of the 
phosphor. To demonstrate ihc multiple state transfer, we used 4,4 *-N/N"-dicarha7f>le- 
bi phenyl ( *CBP M ) as the host (D. F. O'Brien. M- A. Fioldo. M. £. Thompson, and S. 
R.. Forrest. "Improved cncigy transfer in eleetrophosphorcsccni device.?." Appl. Phys. 
Lett.* I°99, 74,442-444). !r{ppy)j f»s the phnsphnrrscsnt sensitive- nnd DCM2 as the 
Jluuresccnl dye. The doping concentration wa3 10°<x for lnppy>> antl ** A lur DCM2. 

The details, given in Example 1 below, showed the improvement in efficiency 
of fluorescent yield brought ahoul by the use of the phosphorescent sensitizer. In the 
following scctinns, we give additional background. 
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II. &£. interrelation of device structure and emission 

Devices whose structure is based upon the use of layers of organic 
optoelectronic materials generally rely on □ common mechanism leading to optical 
emission. Typically. This mectuuiism is based upon lite radiative recombination of a 
5 mapped charue. Specifically, OLEDs aie comprised of at leas? two thin organic layer* 

separating the anode and carhode of the device. The material of one of these layers is 
specifically chosen based on the material's ability to transport holes, a **hole 
tnxnsponinc layer'' (IITL). and the material of the other layer is specifically selected 
according to it* ability to transport electrons an "electron transporting layer ' (ETL). 

1 0 With such a construction, the device can be viewed as a diode with n forward bias 

when the potential applied to the anode is hiGher than the potential applied to the 
cathode. Under these bias conditions, the anode injects hclcs (positive charge 
carriers) into the hole transportinj; layer, while the cathodr injects electrons into the 
ctcctron transporting layer. The portion of the luminescent medium adjacent to die 

J 5 anode ;hus forms a hole injecting and transporting zone while the purtion of the 

luminescent medium adjacent to *Jic cathode forms an electron injecting and 
transporting zone. The injected holes and electrons each migrate towaid the 
oppositely charged electrode. When on electron and hole localize on the same 
molecule, a Frcnkcl exciton is formed. Recombination of this short-li ved suite may be 

20 visualized as an electron dropping from its conduction potential to a valence hand, 

with relaxation occurring, under certain conditions, preferentially via a photoemissive 
mcchamsm. Under this vicv, of the mechanism of operation of typical thin-layer 
oruanif devices, the eiectruliuninrscent layer comprises a luminescence zone 
receiving mnhqle charge carriers (electrons and holes) from each electrode. 

25 As noted above, light emission from OLEDs is typically via fluorescence or 

phnsphoreszence. There are iwut* with the use of phosphOJCSCeiice. Il has been 
noted that phosphorescent efficiency ean decrease rapidly at hiph current densities. It 
may he that k>n£ phosphorescent lifetimes cause saturation of emissive sites, and 
triple t -triplet annihilation may also produce efficiency losses. Another difference 

30 between fluorescence and phosphorescence is that cnen;y transfer of triplets from a 

conductive host to a luminescent guest molecule is typically slower than that of 



47-11 



WD 01/03230 



PCT/USOU/1973S 



singlets; the long range d : pole-dipulc coupling (Ktotcr transfer) which dominates 
energy transfer of singlets is (theoretically) forbidden for triplets by the principle of 
spin symmetry conservation. Thus, foi triplets, energy transfer typically occurs by 
diffusion of cxtiions to neighboring molecules (Dexter transfer): significiinl overtop 
Of donor and acceptor excitonic wavefunctions is crideiil 10 energy transfer. Another 
issue is that triplet diffusion lengths arc typically long <c.g„ >I400A) compared with 
typical singlet diffusion lengths of about 200A. Thus, if phosphorescent devices are 
10 achieve their potential, device structures need to he optimized for triplet properties. 
In this invention, we exploit the property of long triplet diffusion lengths to improve 
external quantum efficiency'. 

Successful utilization, of phosphorescence holds enormous promise for organic 
electroluminescent devices. For example, an advantage of ph0-5pho«3ccnee is that all 
tfxcitojis (formed by the recombt nation of holes and electrons in an EL)» which sre (in 
puxO triplet-based in phosphorescent devices, may participate in eiarrgy transfer and 
luminescence in certain electroluminescent materials. In contrast, only u smell 
percentage of excitons in fluorescent devices, which are singlet-based, result in 
ihiorcsecnt luminescence. 

An alternative ts tn use phosphorescence processes to improve the efficiency 
of fluorescence processes. . Fluorescence is in principle 75% less efficiem due the 
three times higher number of symmetric excited statrs. In one embodiment of the 
present invention. u.-e overcome the problem by using a phosphorescent sensitizer 
muleculc to excite d fluorescein material in o red-emitting OLED. The mechanism for 
energetic coupling between molecular species is a long-range, non-radiative energy 
transfer from the phosphor to the fluorescent dye. Using this technique, the internal 
efficiency of fluorescence can be as high as WOVo. a rcsu|i previously only possible 
with phosphorescence. As shown in Example I, we employ it to nearly quadruple the 
efficiency of □ fluorescent OLED. 
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II.C. Background of materials 
I1.C.1- Sasie heierosuuctuics 

Because one typically has at least one electron transporting layer and at least 
one hole transporting Ibvct, one has layers of different material, forminji u 
5 rKtcrnsirucluit;, The material* thai produce ihc clectrolumincsccnl emission may be 

the same materials that function cither as the electron transporting layer or as the hole 
transporting layer. Such device* in which the electron transporting layer or the hole 
transportine layer also functions as the emissive layer are referred to as havinc a 
single hctrrostrucicfe. Alternatively, the clcciToitimirkCsecnt mstcna! may be present 

10 in a separate emissive layer between the hole transporting layer and the electron 

iranspDrtintr layer in what is referred to es o double hcicrostruclure. The separate 
emissive layer may contain the emissive molecule doped into a hos: or the cmissivfc 
layer may consist essentially of the emissive molecule. 

Taut is, iri addition to emissive maierials thai are present as ihc predominant 

1 5 component in the charge carrier layer, that is. cither in the bote uansponing layer or 

in the electron transporting layer, and that function both as the charge carrier material 
as well as the emissive material , the emissive materia! may br present in relatively 
low concentrations as a dopant in the charge carrier JaycT. Whenever a dopan; is 
present, the predominant material in the charge carri*r layer may he referred to as a 

2(1 hnst compound or as a receiving compound Materials that are present as hos; and 

dopant are selected su as tu have a high level of energy transfer frum the hosi to the 
dtipant material. In addition, ihese materials r.sed to be capable of producing 
acceptable electrical proper/.^ for the OLEO. FurJwnnore, such husl and dopant 
materials are preferably capable of bring itieoipoiaied into the OLfcD usine 

25 materials that can be readily incorporated into ihc OLED by using convenient 

fabrication techniques, in particular, by using vacuum-deposition techniques. 

ILC.2. Excitou blocking laver 

The excilun blocking layer used in the deuces of the present invcnlion (and 
30 previously disclosed in U.S. aopl. scr- no. 09: 1 54.044) suhsumially bluets tins 

diffusion of exciters, thus substantially keeping the excitons within the emission layer 

11 
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io ciihancc dev ice efficiency. The material of blocking layer of ihs pa cscm Invcmion 
is characterized by on energy different ("band gap") between Sis lowest unoccupied 
molecular orbital (LUMO) and its highest occupied molcuular orbital (HOMO) In 
accordance with the present invention, this band yap substantially prevents the 
5 diffusion of excitons through the blocking layer, ycl has only a minimal effect on the 

turn-on voltage of a completed electroluminescent device. The band gap is thus 
preferably greater than the ct*er S y level of excitons produced in an emission layer, 
such that such excitons are not able to exist in thr blocking layer. Specifically, the 
band uap of ibe blocking layer is at least as great as the difference in energy herween 
1 0 the triplet stale and Jhc ground stale of Oie host. 

for a situation with a blocking, layer briu'ecaa hole-co»duc;lng host and the 
electron transponin|! layer (us is the case in Example 1. below), ortr seeks the 
following characteristics, which are listed in Older of relative importance. 

15 

1. The difference in energy between the LUMO and HOMO of the blocking layer is 
greater than the difference in energy between the triplet and ground 5WTC singlei of ibe 
hosl material. 

20 2. Triplets in the host material arc nai quenched by the blocking layer. 

?. The ionixaiion potential {TP) of the blocking layer is greater than the ionization 
poieniial of the hosl. {Meaning thai holes are held in die hosl.) 

25 A. The energy level of the LUMO of the blocking layer and the enr level of ihe 

LUMO or the host are sufficiently close in energy such that there is less than 50% 
change in the overall conductivity of the device. 

5. The blocking byei is as thin as possible subject 10 having a ihicknrss of ihe layer 
30 thai is sufficient to effectively block the transport of excitons from the emissive layer 

into the adjacent layer. 
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Thiii is. to hlock exciions and holes, the ionization potential of the blocking toycT 
should be i?eaicr than thai of the HTL. while the clccnon affinity of the bloclcinc 
layer should be approximately equal to that of the ETL 10 allow for facile transport of 
electrons. 

[Vot a situation in which the emissive ^emmine" 7 ) molecule is used wi;hom a hole 
transporting host, the above rules for selection of the blocking. layer ore modified by 
replacement of the word "-host" by "emitting molecule.'*] 

For the complementary situation with n blocking layer between a electron- 
conducting hosi and the hnlr-lranspcrtinfi layer one seeks characteristics (listed in 
order of im(>onance): 

t. The difference in energy between the LUMO and HOMO of the blocking layer is 
exeater than the difference in energy between the triplet anil ground soaie singlet of the 
hos: material. 

2, Triplets hi the host material are not quenched by the blocking I aver. 

3. The energy of the LUMO of the blocking layer is grealei than ;he energy of the 
LUMO of the (clectror.'iransportinc) hosi. (Meaning that electron* are held in the 
host.) 

A. She ionization poteniia) of the blocking layw at* <*<= ionization potoilial of the 
host are such thai hole* arc readily iiyceted from the blocker into the host and there is 
less than a 50% change irt the overall conductivity r.f" the device. 

?, The blocking layer is as thin as possible subject to having a thickness of the layer 
that is sufficient to effectively block the transport of excitons from flit emissive layer 
into the adjacent layer. 

[Tor a situation in which ihc cmisiive rcmltmuf ) molecule is wed without an 
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electron oBn^g host fee above rules for section tflhe blocking layer are 
modified by replacement of the word "bosT by "emitting molecule") 



II. D. Color 

As to colors, it is desirable for OLEDs K> be fabricated using materials that 
provide electroluminescent emission in a relatively narrow band centered near 
selected spectra) rraioas. which correspond to one of the three primary «>'<»*• red - 
peer, and blue so that they ...ay be used as a colored toye: in an OLED or SOLED. 1. 
is also desirable that such compound, be capable of beinu readily deposited as a thin 
layer using vacuum deposition techniques so that they may be readily incorporated 
into an OLED .hat is prepared entirely from vacuum-depositcd organic materials. 

U.S. tlK'774333. Wed December 23. 1 «>(>. is directed to OLEDs containing 
emitting, compounds thai produce a saturated red emission. 

Ill ^VHj^o.y/ir THE INVENTION 

At the most general level, the present invention is directed u. orotic light 
emitting devices comprising an eittUsive layer wherein the emissive layer comprises 
an emissive moleccle. *ith a host material (wherein the emissive molecule present « 
, dnpam in said bos. material! which molecule is adapted to luminesce when o voltage 
is applied across a haenWtwtuns. wbcrch. the emissive molecule, is selected from the 
gr»up of phosphorescent or fluorescent organic molecules and wherein the device 
comprises a molecule which can fiction a!> an intersystem crossing agent ("JSC 
molecule", which improves the .ffictaicy of the phosnhmcscence o, fluorescence 
relative to the situation where the ISC molecule is absent. 1. is preferred .hat the 
emissive molecule and the imersysiem crossing molecule he differed and it is 
preferred that there be substantial spectral overlap between the emissive molecule and 
the iroensyswm crossing molecule. 

In a fiwi embodiment wherein fluorescein rffitiency h enhanced, a fluoresce* 
emitter combined with a phosphorescent ssnsittor. which operas as an 



47-16 



WO 01/08230 



PCT/USO0/l?73S 



intcrsystcm crossing agent. 'ttic phosphoresce r.i sossiibtcr may be selected from 
materials wherein the radiative recombination ra;e is much greater than the ntm- 
radiative rate of recombination. The phosphorescent sensitoer may be selected from 
the group of e>'clomctallatecorjiuiior::eianjc compound*. The metal (hereof maybe 
selected from mewls of the third row of die periodic titble (especially W. Pi. Ao. lr s 
Os) and my Other hietals or metal compounds that have strong spin orbit coupling. 
The phosphorescent sensitizer may be further selected from the <uuup of 
phosphorescent orfianomctaHic iridium or osmium complexes and may be stiJJ further 
selected frcm the group ol'phosphoTcsccnt r>-clr.mctallatcd iridium or osmium 
complexes. A specific example of the sensitizer molecule is fuc iris(2* 
phenylpyridinc) iridium, denoted fMppv) 3 ) of formula 




3 



fin this, and later figures herein, we depic; the dative bond from nitrogen to nieta! 
(here. Ir) OS a straight line.] 

A specific example of the fluorescent emitter is DC Ml of formula 
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In a setoiid embodiment of the present invention, wherein phosphorescent 
efficiency is enhanced, a phosphorescent emitter is combined with «s intersysiem 
crossing agent such that the following can occur: 



»D* ~ 'X — 'D ^ 'X* 

J X* -» -'A — 'Xf 5 A* 
>A* — \A + hv 

15 wherein D represents the donor (hostl. X represents the intersysiem crossmu ngem 

and A represents the acceptor (emissive moleculil, Superscript 1 denotes singlet spin 
multiplicity; superKcrirrt 3 denotes triplet spin multiplicity and ;hc asterisk denoscs an 
exched slate. 

Itt a UuJd embodiment of the present invention, a thin raver ofan ISC aeeni is 
20 placed in the device: it may or between the I ITL and ETL. The !SC agent is selected 

such that The opucal absorption spectrum nf ihe 1*0 asrem overlaps strongly with Ihe 
emission line of ihe material found at the she or recombination. 

'! ne general arrangement of the hcteTOSirurture of ihe devices is such that the 
layers are ordered hole transporting layer, emissive layer, and electron iranvportini! 
25 layer. For a hole conducting emissive layer, on* may huve tn excitrn blocking layer 

between the emissive layer and the electron transporting layer. For an electron 
conducting emissive layer, one may have an exciton blocking luyer between the 
emissive layer and the hole transporting layer. The emissive layer may be equai to the 
hole transporting layer fin which Case the exciton blocking layer is near or at the 
?0 anode) or to the electron transporting layer <in which case the exciton blocking layer 

is near or ut the catlitnle). 

16 
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The emissive layer may be formed with e host material in which the emissive 
molecule resides as a guest. The bust material may he a holc-transportinu matrix 
selected from the group of *:bsuimcti trwnyl amines. An example of a host material 
is 4.4'->:.N--<licarhazole-biphcnyl (CBP). which has ihc formula 




The emissive layer may also contain s polarization molecule, present as a dopant in 
said host material and having a dipolc moment, thai aflecu the wavelength oflight 
emitted when said emissive dopant molecule luminesces. 

A. layer formed of an eJectiuit liansportirtg materia) is, used lo transport 
electrons into lh* emissive layer comprising the emissive molecule and [he optional 
host material. Tlte electron Transport material may be an elect ron-tran spurting matrix 
selectee from thr tiroup v { mc i?.l quinryxolatcs. oxidazoles and triazoles. Ar. example 
of an electron transport material is t:t&-(8-hydroxyqumulirje> aluminum iAlq ; ). 

A layer formed of o rwle transposing maieriEl is used to transport holes into 
ihe emissive layer comprising ihc emissive molecule and the optional hosi material. 
An example of a hole transporting material is ^-bisfN-f l-naplii]i>1VN-phcnyl- 
c-ninc] hipheny! T'ci-NPD"J. 

The use of an excitoii blocking layer (-barrier layer") to cor-i inc exciums 
within the luminescent layer r luminescent zone") is greatly preferred. For a kiolc- 
transponing host, the blocklnfi layer may be placed beUvccn the luminescent layer and 
the cleeirOM transport layer. An example ot a material fm such u barrier Saycr is 2.9- 
dime[hvl-4^-di phenyl- 1 JO-plienanThrohne (also called bathocuproinc or BCP>. 
which has th-e formula 
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IV. HR1EF DFSCRIPTION OF THE PR AWIh'G5 

Figure J . Proposed energy transfer mechanisms in ihc muiri-sicp system. fdcaUy, all 
excitons iat iransfened 10 the smglw siatc of the fluorescent dye. as Triplets in the dye 
non-radiaiivrly recombme. Forsler transfers axe represented by solid lines and Dexter 
Transfers by denied lines. FJcciron-hole recombination creates singlet and uiplei 
eitciions in the host material. These excitons arc then transferred to the 
phosphorescent sensitizer. There is also n Jowe? probability of direct transfer 10 the 
fluorescent dye by Foister transfer inlo die sin^lel state. Or DcJticr transfer iroo the 
Triple* Mate This latter mechanism is a source uf loss *:nd this is si unified ill the 
figure by a cross. Singlet excilons in the phosphor ore then subject 10 inicnsysiem 
crossing (ISC) und transfer to the iriplei state. From this si .tic. the iriplcss may chher 
dipole-dipok couple with ihc single- state of in* fluorescent dye or in. ancobsr loss 
mechanism, ihey may Dexter transfer to ihc triplet suic. Note elso that electron-hole 
recombinant is also possible on the phosphor and fluorescent dye. Direct format! nn 
of Uiplei on The fluorescent dye » an additional loss. Inset. The structure of 
electroluminescent devices fabricated in this work. Tlitf multiple doped layers arc an 
appioXMnaiioiitoaimxcdlaycrofCBV: 10% Mppy),: 1%TJCM2. Tw VEriana 
were also made. Second device: The Ir(ppy> 3 was exchanged with AUb to examine 
the cast whtnJ the intermediate sirp is fluorescent and not ruSnsphoresCc.nl Third 
device: Separately, a device containing 9 luinmcsccni layer of CBP: 1% OCM2 wns 
made to examine direct transfers between CBP and DCM2. 
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Figure 2. The external quantum efficients of DCM2 emission in the three devices. 
Tut sensitizing, action of ]r(ppy)> deoily improves the efficiency. Note also ihc 
pxrscn:c of Akj, in the ail-fluorcsccnt devices makes link 01 no difference. 

Figure %. In the spectra of the thrte devices. characteristic peaks are ohsrrved for 
CBPtt-WOnro^TPD (?."120nm), Alq : . a-490nm) IfCPPYk <*-^<ttnnO and 
DCM2 (A-590nm). Approximately 8094 of lhe photons in the Iitppy), device arc 
emitted by DCM2- All spectra *ere recorded at (.current density u r-lmAfcm= . 

Figur* 4, The transient response of the DCM2 and irCppy), components in the CBP: 
10% irippy), : 1 W DCMJ device. The transient lifetime of DCM2 is —Ins. thus in the 
c*s c Of energy transfer from IrCppyfc. of DCM2 shoU,d bc * OVOT6d b >' 

the transient lifetime of lrippy) ; . After the initial 1 OOns-wide dccnica) excitation 
pulse, ibis i5 clearly the cdsc. demonstrating that energy b transferred from the triplet 
stBlcin h<ppy>, to the singlet State in tX>Q. However, durinfc the excitation pulse, 
singlet transfer to DCM2 is observed, resulting in the ripples in the transient response. 
These ripples arc due u> nu«wn jons in lhe current density and ihc discharge of traps 
ti\ the falling edge of the puis*. Note that th= trends in the DCM2 and Irtppy), 
transient response eventually diverge slightly. This is due to u small amount of charge 
trapped cn DCM2 molecules rccombining and causing luminescence. 

Figure 5. Schematic of device cor.ioiniiig a layer of ISC agent between ETL and 
HTL. 

Figure <j. IV chaiuweiistics for the device described in Example S/Fsgurt 5. 



y_nEZ^I!JfJ ftKScnirTiPPiJ>FTH K invention 

The present invention is directed u> organic light cnv.nins devices (OI 
comprised of emissive layers that contain an organic compound fiwciinnin B = 
emiurr and a separate intemysiem crossing C JSC") molecule which operates 
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enhance the efficiency of ihe CJiiissinn. Emboduncms arc descried wttcb enhance 
emission efficiency lor fluorescent emitters and for phosphorescent eminent. 

It is preferred ihiu there be substantia) spectral overlap between the ISC 
molecule and ihc emissive molecule. One way of measuring spectra] overlap is by 
,meyratm B absorption and emission spectra ovct the ran^r of energies (wavenumbers) 
over wttch both spectra have non-zero values. This approach is related to that taken 
in F.quaiian 2(a) of A. Shousiikov. Y. You. and M. E. Thompson. 
-Elecuoluminescencc CoJor Tumnfi by Dye Unpin e in Oryanic Li^ht Ermttinti 
Diodes." IEEE Journal of Specie! Topics in Quantum Bcctronics. 199B. c. 3-14. One 
approach is to jiormalize die absorption and emission speeds to iniegraird intensities 
of one. One integrates ihe product of the normalized spectra over the ran^c of 
energies where both spectra have non-zero values. This range may be taken to be 1 80 
ran to 1.5 micmns in wavelength. If the value is 31 lc»i O.Ol.and more preferably at 
least 0.05. one has substantial spectral overlap, 

1t is ulso preferred thai there be substantial spectral overlap between the 
emission snecuum of the host material and ihc absorption spectrum of ihc ISC agcnl. 
One mtepreic* the product of the normalized spectra over ihc rtuuje of energies- where 
both specus have non-zero values. This range may be taken to be 1 BO m to 1 .5 
microns in wavelength. K the value is tit leosi 0.0L o:id more prefcrahly oi Uail 0.05. 
une lias substantial spiral ovcrlup. 

The present invention will now be describi-d in detail for specific preferred 
embnoimemsof the invention, tt being understood that these embodiments are 
intended only as illustrative examples and Hie invention is nut tu be limilcd thereto. 

\'JK. Use of ISC agents to enhance fluorescent emission 
V.A.I . Overview of first embodiment 

Ar. embodiment of the present invention is cencrully directed to 
phosphorescent sensitizers for ftuorcsr. em emissive molecules, which luminesce when 
a voltage is applied across a heteiostructuic of an organic licta-emltlinj? device and 
which sensitizers arc sclented from the eroup of phosphnrcscem orLninonie;a])ic 
complexes, and to structures, and eorreUtive molecules of the structures, that optimize 

20 
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the emission of ihe light -emimtig device. The term "orgs nomeial tic" is as general k 
understood by one of ordinary skiti, ss givers for example in - Inorganic Chemistry" 
(2nd edition) by Gary Miessler and Donald A. Tan. Prentice- Ha II ( 1998). The 
invention is further directed to sensil:<acn> within the emissive layer of nn organic 
Ughs-cauiiing device which molecules aie comprised of phosphorescent 
cyciometallaicd iridium complexes. Discussions of the appearance of color, 
including descriptions of CIE charts, may be found in Color Chemistry* VCH 
Publishers, 1991 and H. J. A. Dannall, J. K. Bowmaker, and }. XX MoJlon, Proc. Ro>. 
Soc. ft (London), )V«3. 220. 1 15-130. 

V.A.2. Examples of first embodiment 

The structure of the organic devices of Examples t . 2. and ^ ts ahoww in ihc inset of 
Hg. K 
Example 1 

Organic Savers were deposited hy a high vacuum 00"* Timt) thermal 
evaporation onto a clean glass suhstraie pie-t-Oated u'hh a l400A-thick layer of 
transparent and conductive indium tin oxide. A 6C-(IA-thick layer of N.N'-diphenyl - 
NJ^*-bis(3-meih>lpheny!>[^ J '- D iph< :n yf}- < -' , *d iaminc f*TPD~J is used to transport 
holes to the luminescent layer. The luminescent layer consisted of an alternating, 
scries of lOA-thick layers of CBP doped to 10% (by mass) nf Irtppy)*. and I0A thick 
layers of CBP duped to 1% (by mass) of DCM2 . In total. 10 doped layers were 
£rown. with □ total thickness of I (IDA. Excitcns were eonfined within the luminescent 
region by a 20oA-th:ck layei of the exciton-blockinji maicrial 2.9-dimcth> I-4.7- 
UiphrnyM.IO-phenitnthroIine (alsu called hathcuproine. or BCPh A 3^ OA-lhick luycr 
of th? clccuor. t:anspon material tris-(S'liydiC>xvquinoiine) aluminum (~Alq : n is used 
to transport rleclruns to the luminescent region and to reduce absorption at the 
cathode, A shadow ma&k with 1 mm-diameter openings was uswrd to define the 
cathodes consisiinu of a lOOOA-thick layer of 2?: J Mg:A£. tvithfi 500A-li;ick cap. 
'I*hc compound trappy ) 5 lscnsiT)7Cf/lSC agent in Example II has the following 
formulaic representation: 

21 
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Comparative Example 2 
5 As one control, a device whs crcEtcd as in Example 1 . except thai Ivtypyh 

replaced by Alq : .. which has similar emission und absorption spectra, but no 
observabJe phosphorescence si ruom temperature. 

Comparative Example 3 
10 As a second control. & device was created as in Example I . except thai the 

intermediate energy transfer s«p wes omitted to examine direct energy transfer from 
CDP to DCM2. 



Results oJ" examples 1 . 2. arid 3 

j 5 The external quantum efficiency ( phoions per electron ► 3$ -ft function of 

injection current of the lX*M2 pnriinn oi'ihc emission spectrum Jui ruth example is 
given in Fig. 2. The DCM2 emission efficiency of the device containing the 
phosphnjcsccnt sensitizer is significantly higher 1hnji its fluorescent airjlou. Indeed, 
the peak efficiency of {3.3 ±0J )%. significantly higher than the best result nf-2% 

20 observed for DCM2 in previous studies <C. H. Chen. C- W. Tang. J. Shi. ond K. P, 

Kluheck. "Improved red dopants for organic luminescent devices." MacTtumileeulor 
Symposia. 1997. 125. 40-58)). This demnnstrercs thai host triplets arc transferred to 
the fluorescein singlet state in Example !. more quantitative comparison of the 
mcreaie in emission due to the sensitizer, wc note the difference in the quantum 

2S efficiency of DCM2 emission, where the maximum efficiency is 0.9*0. 1 % in the 
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example without the phosphoresced sensitizer and 3.3% In the example with 
phosphorescent sensitizer fRefcr to Fig. 2 and the addition of Alq : . 10 the CBP:DCM2 
device in Comparative rixsmple 2.) The ratio of efficiency of sensitized to 
uuiensitisasd devils is 3.7±0.«. which is close to the value of fnur (4) expected 
5 between emission of (singlet+triplet) to (on)y singlet) [that is. (1 +3)'(1 +0)) for devices 

in which die probability of both singlet and triplet participation is equal. 

Hie emission spectra of the OLEDs of the three examples ore gives in Fig. 3. 
Ail devices show energy transfer io [he fluorescent dye By taking :hc area under the 
various spectral peaks, we find thai approximately 80% of photons are eniirted by 

j o OCIA2 in the device containing the litppy), sensitizer. The remainder contribute to 

CBP luminescence at A-400 tun. TPD luminescence at tun. and litppyfc 

luminescence at A-500 nir, In the device doped with 3 0% Aiq, . an emission peak is 
observed at nm. This is consistent with observations of Alq* emission in a 

non-polar host (CBPV (V. Hulovic, R. Deshpande, M. Thompson, and S. R. 

15 Forrest, "Tuning the color emission of thin film molecular organic lijjht emitting 

devices by the solid state solvation effect." Chemical Physics Lewis ( 1 999). 

Conclusive evidence uf the «rtejgy transfer process in Exj. 2 is shown in Fig. 4. 
which illustrate the transient behavior of the DCM2 and Iri ppy), components of the 
emission spectra. These data were obtained by applying, a ^lOOns electrical pulse io 

20 the elcccroluminscent de vice The resulting emission was measured with 5 streak 

cameia. Jf a fraction of the DCM2 cmissiun oric:naies via trjnsfcr from Lii pp>'h 
triplets <Eq. 2>. then the proposed energy transfer must yield delayed fX.M2 
fluorescence. Kurthcrmnie. since the radiative lifetime of DCM2 is much shorter than 
that of Trtpny ) ; . the transient decay of f>CM2 should match tha; of lrtppy)> After an 

25 initial p=ak. most probably due to sin&lci- singlet transfer (Eq. 2). the PCM 2 decay 

does indeed follow the hippy)* dcca >*- The transient lifetime i»f litppyfc in this 
system is -1 00ns, compared to a lifetime of- 500ns in the absence of DCM2. 
confirming an energy transfer of -30%. The decrease in the triplet lifetime as a result 
of energy transfer to the fluorescent acceptor is advantageous. Not only dors it 

30 increase lite transient response of the syklern bul aUo it lias been shown that the 

probability of triple: t-Uip let jmnihilaticn varies inversely with the square of the triplet 
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Hfciimc (MA. Baldo, iVl.E. Thompson, and S. R. Forrest. "An analytic model of 
triplet-triplel armihitation in clectrophosph orescent devices.^ (1 W9>.) Thus, it is 
expected thai this rmdii-slage energy transfer i\ill reduce the ou=nching of triplet 
states- thereby further enhancing the potential for higher efficiency sensitized 
5 fluorescence. 

The three examples demonsuate a genera) teehntnue for improving the 
efficiency of fluorescence in uuest-hosl up^anic systems. Further improvement may 
be expected by mixing ihc hnsr, phosphorescent sensitizer and fluorescent dye rather 
than doping in thin layers as in this work, af (tough the thin layer approach inhibits 

1 0 direct Dexter transfer of triplets frum the host Id the fiuorophorc where they would be 

loss. To reduce lesscs further in the multi-state energy transfer, an ideal system mny 
incorporate low concentrations of a stcricaJJy hindered dye. Tor example, addinc 
spacer groups to the DCM2 roolecuJe should deciease the probability of Dexter 
transfer to the dye while miiumally uIT*cimE its participation in Ffirstcr transfer or its 

} 5 luminescence efficiency. Since Dexter transfer can be underwood as the simultaneous 

transit oi an electron and a hole, stcric hindrance may also reduce the likelihood uf 
chaise trapping on ihc fluorescent dye. Similar cfVorrs have already reduced non- 
radiative excimer formation in a DCM2 variam IChcn. Tang. Shi and Khihcck, 
"Improved red dopants fur Organic EL Device*. Mauromolcculer Symposia, 1997. 

20 125, 39oSj. Also, optimization of the device structure will reduce Irtppy) j emission 

to lower levels. 

V.B. Use of ISC agents to enhance phosphorescent emission 
V.B.I. Overview of second embodiment 
25 -T|,e second embodiment is directed to the siiua;ion whereitt the emissive 

molecule is phosphorescent and the use of intcisySleni crossing molecules enhances 
the efficiency of the phosphorescent emission. 
Y.B.2, F.xampie of second embodiment 
Prophetic example 4. 

30 An OLU.D is fobricatcd wiih a rraditionnl diamine hole tninsporter and an 

electron transporting layer (LTD composed of three different materials. The ETL is 

24 
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rouchly 80% o traditional electron transporting material (such as ZrqA). 15% an 
imefsystcra crossing agcr.t {such as benzili other ISC ogrms may be found in the 
reference of Gilbert and 3aggott) and 5 c /a d phosphorescent emitter (such as PtOEP, 
platinum octocihyl porphyrin). Trie ISC age™ is chosen so that iis absorption 
5 spectrum overlaps strongly with the ETL's fluorescence spectrum. Hole electron 

recombination occurs at or near the HTMZTL interface generating a mixture of 
singlet and triplet exchons. The singlet excitons on the ETL will efficiently transfer 
ihrtr energy lo ihe ISC auent. which will efficiently miersysirirt cross to lis triplet 
state, via a r. — ► "* state or some other suitable process. 

1 0 Tiie triple* energy of the ISC Agent wiiJ ihcn transfer to the dopant mid emission will 

occur at the phosphorescent dopant. Triplet excitons formed on the ETL will either 
transfer directly tr> the dopant nr energy transfer to the JSC agent, which will transfer 
thai energy to the dopant as described. The JSC agent in this application is designed 
to completely quench singlet excitons giving a good yield of triplet excitons for 

] 5 transfer to the phosphorescent dopant. 

Hie chemical fojmuta of Zvq t is 




V.C. Use of imcrsysiem crossing a^ent as filter and converter 
V.C.I. Overview of third embodiment 

Jn this third embodiment of ihe present invention, a thin layer of an ESC agent 
is placed between the HTL and ETL. The ISC agent is sciccwd such that the optical 
absorption spectrum of the ISC agent overlaps stroiiuly with the emission line Of the 
material found ut the she. of jccctrtbi nation. 

In the control experiments discussed below, we utilized 2.7 diphenyl 
flunrcnonc C'ISC-r"*)*s the ISC agent. An ISC agent suitable for the filter/converter 
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embodiment car. be selected from the group consisting 01 aendinrs. orridortcs. 
bjominated polycyclic aromatic compounds, anthraqui nones, a)pha*beta-diketones. 
phenazines. berjzoqulnones. bjacctyls. fullercncs* thiephenes. pyrazines. quinoxalmes, 
and thiamhrenes. 

V.C.2. Examples of third embodiment 
Exurnple 5 

In Figures 5 and 6, wc present control experiments foi a device without a 
phosphorescent dopani emitter. An example of the third embodiment can have a 
phosphorescent emitter in the ETL byer. 

The structure of ihe cexicc tor this cxampic is given schcmalical!y in Figure 5. 
It is made of s hcterostructurc with a-NPD/lSOF/AIq?. CThe Alq3 layer is not 
doped). The JV characteristic of the device is given in Figure 6. The device area here 
is 3. 1 4mm 2 The key point is thai there is no litzhi at low to medium bias. This result 
shows that the ISC iTUer/converter certainly quenches sin^lcls. (At very high biases 
(>1 7 Volts) weak green emission car. be observed. The spectrum of this output shows 
that it is from Alq3- To explain the emission, -cither there are electrons ) calcine 
through to Alq3 at high bias or the 3SC-F is trsnsferririE energy hack to the singlet in 
AlqS.l 

In the device corresponding lo the third embodiment of the present invention, 
the AJq3 region is doped with a phosphorescent emitter. We would know that triplet 
excitons have been efficiently injected into the Alq3 layer because of phosphorescent 
emission arising from the doped emitter. 

In the embodiment of thr invention contemplated, the 2,7-diphcnyl ftuorenoite 
r i JSC-P*> transports electrons to :bc a-N'PD'lSC-F interface. Hulc-f electron 
recombination at or near this interface lead* lu both singlet and triplet cxeilont. Both 
of these excitnns will be readily transferred to the ISC-F layei. Any sinylei that 
transfers lo the ISC-F layer (or is formed in it) will rapidly tntersysicm cross to a 
triples. Thus, all of the excitons present will be ctVteicnlJy converted lo triplets within 
the device. 

Specifically, the triplet excitons will diffuse through the ISC-F layer and 
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transfer to the Alqj layer. The transfer lo Alcjj should be facile. Although the triplet 
energy of A3<b is not exactly known, it is believed 10 be between 550 and 600 nm. 
This is exactly in the correct region to efficiently trap triplet excitnns from ISC-F. 
Using the ISC agent in this way \vc prevent singlet excitons from ever reaching the 
emissive region of The device. By doping the emissive region with a phosphorescent 
clvc wean efficiently extract the energy luminescent! y. The ISC agent here is acting 
as e filter which only allows triplei e.xciiuns to he injccicd in;o the AJq, layer. The 
requirements for such an ISC filter/convener 3?c that it have both simjlet and triplet 
energies below ihar of The roalcrial thai is at or near ihe site of recombination (a-NPD 
in the example) and a triplet energy higher than the emissive region (which must not 
be the site of rccomhinaticn, Alq) in the example). The material must have a hieh ISC 
efficiency, 

V.D. Olher discussion 
V.DJ. Sprctral overlap 

lii the embodiments of the present invention. theze should be spectral overlap 
between the emissive: molecule and The imcrsysicm crossing rr.eleculc. The nature of 
the overlap may depend Upon the Use of the device, which uses include a larger 
display, a vehicle, e computer, d television. □ printer, a JaTgc area wall, theater or 
stadium screen, a billboard and a sign. For display applications of tlte device of the 
present invention, there should be spectral overlap in the visible .spectrum. For other 
applications, such as the use of this device in priming, the overlap of (he emission 
with the human photopic response may not be required. 
V.D.2. Other examples of sensitizer.-') SC a^ent for first cmhodimeni 

Th* embodhnejit of the present invention for enhancing fluorescent emission 
is nm limited lo the sensitizer molecule of the examples. One contemplates the use of 
metal complexes wheacin there is sufficient spin orbh coupling to make the radiative 
relaxation an allowed process. Of tijiands. one of ordinary skill may modify the 
organic conipotiejjt of the JrCppyfe (diiccily below) to obtain desitftble properties. 
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One muy hove alkyJ substiturnts or alteration gf the atoms of (he aromatic structure. 






These molecules. rela:cd to lfippy)j. enn lomied from commercially -available 
lifandy The R groups can be alky! or urvl and ore preferably in ihc 3. A. 7 and/or IS 
positions on i3»c ligand ffor stcric reasons t. 



10 



Other possible sensitizers arc illustrated belnw. 
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This moJccule is expected to have a blue-shifted emission compared to lrtpj>y)j. K 
and R 1 can irKlepmden.il y he alfcyl or aryj. 

Orgariomctallic compounds uf osmium may be used in this invention. 
Hxamplcs RitMhc following. 




These osmium complexes will he oc:ahcdr,il will; 6d electrons (i socket ronic with the 
(r analogs) and may have good jmeisystem crossing efficiency. R and R" art 
independently selected from the £TOUp cons'tElimj of alky] und oryl. They arc believed 
10 be unreported in the liieiaiure. 
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Henri n. X cao be selected from Ihc group consisting of N or K R and R" are 
independently Selected from the group alky I and aryl. 

V.D.3- Other molecular depictions 

A molecule for the hoie-iranspontng layer otitic invention is depicted below. 




The invention will work with filhcr hole-transporting molecules krnnvii by one of 
ordinary skill 10 work in hole ;ran<sponing tnycrsof OLEDs. 
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A molecule used as the host in the emissive layer of the invention is depicted 

below. 




Thr invention will wort: with other molecules known by one of ordinary s^iH <o work 
as hosts of emissive layers of OLEDs. Foi exampls. the host maiejial could br a hole- 
iransponins matrix and could be selected from the Group consisting of substituted tri- 
aryi amines and pulyvinylcurbazules. 
i0 The molecule used as ihe excitun blocking layer of Example 1 is depicted 

below. The invention will work with other molecules used to; ttue exciion blocking 
layer, provided they meet the requirements given hercin- 
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VD.4, Uses of device 

The OLED of the prcscm invention may be used in saibsiaruialiy any t>'pc of 
device which is comprised of an OLED. for example, in OLEDs that arc i:»corpomed 
inlo a larger display, a vehicle. a compiler, a television, a pi inier. a large area wall, 
theater or stadium screen, b billboard 01 a sign. 

The present invention as disclosed herein may be used in conjunction with co- 
pending applications: "High Reliability, High Efficiency. Imegratabfc Organic Light 
Emming Devices and Methods of Producing Sarne". Serial No. 0S--774J J 9 (filed 
Drccnaber 23. 1996}; "Novel Materials for Multicolor Light Ermfling Diodes". Serial 
No. 0&*S50J64 (filed May 2. 1997): "Electron Transporting and Light Emitting 
Layers (Jascd on Organic Free Radicals" Serial No, 08/774.120 (filed Deccimx:i 23, 
19961: "Multicolor Display Devices". Serial No. 

0S-772.333 (filed December 23. 1996): "Red^EmUiint; Organic Light Emitting 
Devices (OLKD's)", Serial No. 0S,'774.0S7 (filed December 23. )W(>}: ^Driving 
Circuit For Stacked Organic Lifht Emitting Devices"* Serial No. OS.-792.050 (filed 
February 3. 1997): "High Efficiency Organic Light EmininL! Device Structures". 
Serial Mn. Ofi/772.332 (filed December 23. 19961: "Vacuum Deposited. Nnn- 
Polymcric Flexible Organic Lis:hi Entitling Devices". Serial No, 0S/7B9.M 9 (filed 
January 23. 1997): "Displays Having. Mesa Pixel Configuration". Serial No. 
0^744,595 (filed February 3. (997): -Slacked Organic Light Emitting. Devices". 
Serial No. 08^92,(K6 (filed February 3. 1997): "Hitrh Contrail Transparent Organic 
L.dgh£ Emitting Devices". Serial No. 08/792.C.46 i filed February .1. 1997); "High 
Contrasi Transparent Organic Liyht Emitting Device Display*'. Serial No. 08'821 .380 
(filed March 20, 1997): "Organic Light Eniiilim: Devices Containing A Metal 
Complex of 5-Hydroxy-QuijioNalinr as A Host Material"". Serial No. 05-'S38-099 
(filed April 15. 1997): ''Lien* Emining Devices Having Hi£h BriehmeisT. Stria! No. 
0fi.'844.353 (filed April 18. 1997); "Ortiaru;: Semiconductor Laser". Serial No. 
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DB#S9,46* (filed May 19. 1997): "Saturated Full CoLur Slacked Organic Light 
Emitting T>eviccs H . Serial No. OS/858,994 (filed on May 20. 1997); **PJasma 
TreiiUneirt of Conductive Layers" PCT/US97/ 10252. (filed June 12. 1997); 'Novel 
Materials for Multicolor Light Emitting Diodes". Serial No. 08/814.976. (filed Mar. 
1 L 1997): "Novel Materials for Multicolor Light Emitting Diodes". Serial No. 
D8/77L81 5, {filed Dec. 23. 1996"); "Patterning of Thin Films for the Fabrication of 
Organic Multi-color Displays". PCT7US97/I02S9. (filed June 3 i 1997). and "Double 
Mctciostruclurclafrored aaid Vertical Cavity Surface Emitting Organic Lasers". 
Attorney Docket No. 10020/35 (filed July IS, 1997). each co-pending application 
being incorpnrat=d herein by reference in its tmire-ty. 
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Wb&i is claimed: 



I. An organic light emitting device comprising n hexcjosiruciure for producing 
luminescence, comprising en emissive layer, 

wherein the emissive loyet is o enmhinarion ofa host material and an emissive 
molecule, present as a dopant in raid host material: 

wherein the emissive moiecule is adapted tn luminesce when a voltage is 
applied across the hctcrostruciure; and 

wherein the hrlerostruciurc comprises an iniersystcm crossing molecule such 
thai the efficiency of the emission is enhanced by ihc use of the imersysirm crossing 
molecule. 

15 2. "The Organic light emitting device of claim 1 wherein the emission spectrum of 

the intersystcm crossing molecule subsiamialiy overlaps the a tempt ion spectrum of 
the emissive molecule. 

3. An uruanic liiihl emitting device comprising u heu'rostrucnirc fo; producing 
iumincsrcncc. comprising an cmisssvt; layer. 

vvheiein the emissive layer \a a onmhinauon ofa conductive host material and 
a fluorescent cmrssive moicculc. rwescni as a dopant in said host materia!: 

wherein the emissive molecule is adepted to luminesce when a vuluure is 
applied across the hclerosmicluTr;: and 

wherein the hciCTOSiTueture comprises nr. intersystcm Classing, molecule which 
is. an e:7:cieni phosphor wHosr emission spectrum substantially overlaps with the 
□bSKiipiion specmim of the emissive molecule. 

4. The emissive layer of claim 3. wherein the imcisystcm crossing molecule is 
*0 lr(ppy) 2 . 
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5. The device of claim 3 wherein the fluorescent emissive molecule is DCM2. 

6. The device pf claim I wherein the emissive molecule is pbasphorrsccnt 

7. Tut device of ctaitn 2 wherein the emissive moleeutr is phosphorcsceni. 

«. The device of claim 6 wherein the emissive molecule is PtOEP. 

9- The device oJ claim ] wherein there is a thin layer comprising miersysicm 
crossing ageru. wherein the ihin layer is placed between z hoic transport layer and an 
electron transport layer. 

1 U. The device of claim 2 wherein the emlssi ve molecule is phosphorescent and 
wherein a thin layer comprising intexsystem crossing Rgcru inhibits emission from 
singlet stales. 

1 ! . The device of claim 2 wherein the emissive molecule is phosphorescent and 
wherein ulhin layer comprising inlerjiystcm crossing agent enhances triplet emission. 

12. An orgQnie light emitting device comprising a helero si n>cu ire for producing 
luminescence, comprising: 

an emission layer comprising 
a host material: and 

ai* emissive molecule, present as a dopant in said host 
material, adapted lu luminesce when a voltage is applied 
acioss the itsneiosTructure; 

a hule trjunspurt layer; 

an electron transport Uyer; and 

tin in'crsysiem crossing iiuent wherein there is substantial spectral 
35 



47-37 



0108230 



overlap between the etuUsion spectrum of the jptcrsystem crossing agent and the 
absorption spectrum of the emissive molecule. 

J 3. The device of claim 1 2 wherein emission efficiency increases relative to a 
5 device with the emissive molecule but without the inters vslem crossing agent. 

14. The dsvice of claim 1 2 with an exciton blocJajig layer. 

1 5. The device of claim H wherein the cxciion blocking iayer comprises 
1 0 2,9-d;methy)-4.7-diphen yl - 1 , ] O-phenanl hioline. 

1 6. The device of cl mm 1 2 wltcicin the emissive molecule is fl uoresccnt and the 
iniereystem crossing agent is an orgaruMijetaMc compound comprising a mewl of the 
third row of ihc periodic table. 



13 
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1 7. The device of claim J 2 wherein ;hc emissive molccuic is phosphorescent. 

1 8. The device of claim 12 wherein the emissive molecule is phosphorescent and 
the imcreysicm crossing agent inhibits emission from singlets. 

19. The organic iiehl rxriitur.y device Of claim 1 used ir. a nici:iber of the uiuup 
consisiing of a larger display, a vehicle, o computer, a ic lev won. a prirUcr. a large area 
wall, theater or stadium screen, a billboard and a si*in. 
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